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Fault Tolerant Strategy for Semi-Active
Suspensions with LPV Accommodation ?
Juan C. Tudo´n-Martı´nez1, Se´bastien Varrier1, Olivier Sename1
Ruben Morales-Menendez2, John-Jairo Martinez1 and Luc Dugard1
Abstract—A novel fault tolerant strategy to compensate
multiplicative actuator faults (damper oil leakages) in a semi-
active suspension system is proposed. The compensation of the
lack of damping force caused by a faulty damper is carried
on by the remainder three healthy semi-active dampers. Once
a faulty damper is detected and isolated by a Fault Detection
and Isolation strategy based on parity-space, an estimator is
activated to compute the missing damping force to compensate.
In order to fulfill the semi-active damper constraints, the
fault accommodation is based on the Linear-Parameter Varying
(LPV) control strategy. Thus, each corner has a fault estimator
and an LPV controller oriented to comfort and road holding.
Simulation results show that the proposed fault tolerant semi-
active suspension improves the vehicle comfort up to 60%
with respect to a controlled suspension without fault-tolerant
strategy and 82% with respect to a passive suspension.
I. INTRODUCTION
Because the automotive industry demands safer and more
comfortable vehicles constantly, the development of intel-
ligent suspension systems has gained importance during
last years. Semi-active dampers are efficient actuators to
improve passengers comfort and car road holding as well [1].
However, as it shown in recent studies [1], [2], the control
design for such dampers is complex due to the dissipativity
constraint on the damper (which is indeed a state dependent
saturation [3]).
Semi-active dampers allow the development of novel
techniques to model, monitor and control an intelligent
suspension system with fault-tolerance features to improve
the process reliability. A Fault-Tolerant Controller (FTC) in
a suspension system is designed to maintain the desired com-
fort and road holding performances as much as possible when
a fault occurs. There are two main groups of FTC: passive
(off-line designed) and active (on-line control reconfiguration
mechanism); this study is focused on an active FTC because
of its lower conservatism than a passive approach.
Active systems on-line utilize some fault information to
compensate the fault effect by using a Fault Detection and
Isolation (FDI) strategy that can be model-based or data-
based. FDI modules based on analytical redundancy are the
most accepted strategies for fault estimation [4], in particular
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parity-space approaches, e.g. [5] presents a fault signature of
an intelligent damper by using parity relations.
During last years, the Linear Parameter-Varying (LPV)
systems have gained importance as a solution to develop em-
bedded control strategies for complex systems, e.g. the non-
linear vehicle dynamics, [6]. Recently, LPV-based techniques
have been incorporated to FTC approaches, where additive
faults are considered as a varying parameter to be accommo-
dated by a scheduling reconfiguration approach, [7]. Based
also on a scheduling reconfiguration, [8] proposed an active
FTC using Sliding Mode observers. Both proposals lead to
interesting results for a full vehicle but they are developed
for active suspensions without actuator constraints. For semi-
active suspensions, the authors have proposed in [9] an active
FTC (LPV-based) for additive actuator faults in a Quarter of
Vehicle (QoV) model. The reconfiguration depends on the
fault estimation, but a saturation constraint is needed.
As an extension of [9], this paper proposes an active
FTC for a full vehicle semi-active suspension, when one of
the dampers suffers an oil leakage (multiplicative actuator
fault). The main contribution is the development of a new
2-level reconfiguration strategy that compensates a damper
leakage by using the healthy dampers; because the force is
inherently limited by the shock absorbers, an LPV control
design includes a saturation constraint on the compensation
force used to the fault accommodation. At a higher level,
1) an FDI module identifies the faulty damper by using a
parity-space approach and 2) the compensation forces are
computed. At a lower level, each corner has a fault estimator
and an LPV based controller which also satisfies the dissipa-
tivity constraint of a commercial Magneto-Rheological (MR)
damper.
The paper is organized as follows: the problem statement
is described in the next section. Sections III and IV describe
the fault detection and estimation methodology and the
FTC design, respectively. Section V presents the simulation
results. Finally, conclusions are presented in section VI.
II. PROBLEM STATEMENT
A seven degrees of freedom model of the vertical dy-
namics of a full vehicle, including a semi-active suspension
system, is considered as [10]:
mszsc =   (Fs1 + Fs2 + Fs3 + Fs4) (1a)
Ixx = (Fs1   Fs2) tf + (Fs3   Fs4) tr (1b)
Iyy  = (Fs4 + Fs3) lr   (Fs2 + Fs1) lf (1c)
musi zusi = Fsi   Fti (1d)
where the vertical suspension force at each corner (Fsi , with
i = 1; : : : ; 4) is composed by the spring (stiffness ksi ) and
the semi-active damping force (Fsai), as:
Fsi = ksi (zsi   zusi) + Fsai (2)
while the tire vertical force, with stiffness kti , is given by:
Fti = kti (zusi   zri) (3)
The semi-active force is modeled following [11], [12], as:
Fsai = b1 ( _zsi   _zusi) + b2 (zsi   zusi)| {z }
Fpi
+FIi(I) (4a)
FIi(I) = I  fc  tanh [a1 ( _zsi   _zusi) + a2 (zsi   zusi)] (4b)
where I is the electric current and FIi is the controlled semi-
active force to improve the comfort and/or maintain the road
holding. Note that for I = 0, Fsai reduces to the passive
damping force Fpi of the suspension system. The sprung
mass positions and velocities at each corner can be linearly
derived from the vehicle dynamics, at small  and , as:
zs1  zsc + lf  tf zs3  zsc   lr  tr
zs2  zsc + lf+ tf zs4  zsc   lr+ tr (5)
_zs1  _zsc + _lf   _tf _zs3  _zsc   _lr   _tr
_zs2  _zsc + _lf + _tf _zs4  _zsc   _lr + _tr
(6)
The variables and parameters of this model are described
in Table I. The corresponding parameters were obtained from
a commercial light-duty vehicle and MR damper.
TABLE I
VERTICAL FULL VEHICLE PARAMETERS AND VARIABLES.
Parameter/Variable Description Value
a1;2 MR damping coefficients 37.8 s/m & 22.1 m 1
b1;2 Passive damping coefficients 2,830 Ns/m & -7,897 N/m
fc MR dynamic yield force 600.9 N=A
Ixx, Iyy Roll and pitch inertia 844 & 4434 Kg  m2
ks1;2 ; ks3;4 Front and rear spring stiffness 43,500 & 39,300 N/m
kt1;2;3;4 Tire stiffness 230,000 N/m
lf Distance COG - front track 1.56 m
lr Distance COG - rear track 2.11 m
ms Total sprung mass 2,032 Kg
mus1;2 Front unsprung masses 81.5 Kg
mus3;4 Rear unsprung masses 140 Kg
tf Distance COG-front left tire 0.85 m
tr Distance COG-rear left tire 0.85 m
Fpi Passive damping forces i = 1; : : : ; 4
Fsai Semi-active damping forces i = 1; : : : ; 4
Fsi Suspension forces i = 1; : : : ; 4
Fti Tire forces i = 1; : : : ; 4
zri Ground vertical positions
zusi , _zusi , zusi Position, velocity, acc of musi
zsi , _zsi Position, velocity of msi
zsc COG
 acceleration of ms
,  Roll & Pitch acc of ms
 COG Center Of Gravity
Problem definition. Consider a fault on a semi-active
damper, e.g. an oil leakage, which induces a lack of force
modeled as:
F sai = Fsai = Fsai(1  ) = Fsai   Fi (7)
where F sai is the faulty force given as a reduction of the
nominal force and,  2 [0; 1) is the oil leakage degree, e.g.
 = 0:7 means 70% of Fsai due to a lost force Fi of 30%.
The objective of the FTC strategy is to avoid a propaga-
tion of the fault effects into the whole vertical dynamics
(deterioration of comfort and road holding) by designing
a reconfiguration system based on the remaining healthy
dampers. The main idea is to compute the required force
at each corner that compensates the faulty damper effect,
such that:0@ zs

1A = f  F sai ; Fnj ; Fcj for
8<: i 2 f1; 2; 3; 4gj ! 3 integers
with j 6= i
(8)
where, Fcj is the corresponding compensation force in the
healthy damper j obtained by the equilibrium analysis of the
dynamics (1) to accommodate the lack of force in the faulty
damper i and, Fnj is the nominal damping force (suspension
system free of faults). Thus, the semi-active damping force
in the healthy dampers will be:
Fsaj = Fpj + Fnj + Fcj| {z }
FIj (In;Ic)
(9)
where, FIj (In; Ic) is obtained by an LPV controller, whose
design fulfills with the semi-activeness and saturation of the
damper when the compensation force Fcj is added, such that
the closed-loop system be:
_x = A ()  x+ B1  (In + Ic)| {z }
KLPV ()x
+B2  zr
y = C ()  x+D1  (In + Ic) +D2  zr
(10)
with KLPV () =
PN
i=1 i()Ki by appropriately choosing
the gains Ki, i = 1; : : : ; N , such that the closed-loop
system (A;B1;B2; C;D1;D2) is asymptotically stable for all
parameter variations; two varying parameters are used in
the controller design: 1 represents the nonlinearities of the
MR damper and 2 is used for the actuator saturation that
depends on the maximum damping force available for the
compensation.
III. FAULT DETECTION AND ISOLATION
The isolation of the faulty damper and the estimation of
the damper fault Fi is based on the parity-space approach
because of its applicability to nonlinear systems, speed of
detection, isolability property, robustness and computational
complexity [4]. The aim is to synthesize a residual sensitive
to the fault Fi and insensitive to bounded exogenous inputs,
e.g. the road profile or load transfers on the vehicle.
A. Modeling of the system
By coupling the dynamics of the full vehicle model (1),
(2), (3), (5) and (6) with the faulty damper (4) and (7), a
state-space representation system with 14 states is handled
as: _xf = Afxf +BfII +Bfrzr +BfFF (11a)
yf = Cfxf +DfII +Dfrzr +DfFF (11b)
where, xf = [zsc ; zus1 ; zus2 ; zus3 ; zus4 ; ; ; _zsc ; _zus1 ; _zus2 ;
_zus3 ; _zus4 ;
_; _
iT
are the full system states, the input is
I = [I1; I2; I3; I4]
T , zr = [zr1zr2zr3 ; zr4 ]
T is the road
profile and F = [F1 ; F2 ; F3 ; F4 ]
T is the fault vector.
The measurement vector yf is given by 8 accelerometers as
yf = [zs1 ; zs2 ; zs3 ; zs4 ; zus1 ; zus2 ; zus3 ; zus4 ; ]
T . A discrete
version of the system (11) with a sampling period Ts is:
xf;k+1 = Afdxf;k +BfdIIk +Bfdrzr;k +BfdFF;k
yf;k = Cfxf;k +DfIIk +Dfrzr;k +DfFF;k (12)
B. Fault detection
The system is nonlinear due to the parameters 1i =
tanh [a1 ( _zsi   _zusi) + a2 (zsi   zusi)] in the matrix BfI
and BfdI . Since these varying parameters appear in a linear
multiplicative way, they are extracted from the system and
added to the control input as:
xf;k+1 = Afdxf;k +BfdI 1Ik|{z}
Ik
+Bfdrzr;k +BfdFF;k
yf;k = Cfxf;k +DfI1Ik +Dfrzr;k +DfFF;k (13)
The system (13) is linear and the classical parity space
approach is handled to isolate and estimate the fault.
C. Fault isolation
The aim of the fault isolation part is to highlight which
damper is faulty. For this purpose, 4 schemes are imple-
mented, one for each corner of the vehicle. Each fault
detector has to be sensitive to the fault related to its corner.
The parity-space approach aims at extending the outputs
of the system along a horizon s. It leads to:
Ys  GIUs = Hxf;k +GrUr
+GF1F1 +GF2F2 +GF3F3 +GF4F4 (14)
where Ys =
26664
yf;k s
yf;k (s 1)
...
yf;k
37775, Us =
26664
Ik s
Ik (s 1)
...
Ik
37775,
Ur =
26664
zr;k s
zr;k (s 1)
...
zr;k
37775, Fi =
26664
Fi;k s
Fi;k (s 1)
...
Fi;k
37775, H =
26664
Cf
CfAfd
...
CfA
s
fd
37775
and Gi =
266666666664
Di 0 0    0
CfBi Di
. . . . . . 0
CfAfdBi CfBi Di
. . . 0
CfA
2
fdBi CfAfdBi
. . . . . . 0
...
. . . . . . . . .
...
CfA
s 1
fd Bi CfA
s 2
fd Bi    CfBi Di
377777777775
where, Gi can be GI , Gr or GFi , according to the matrices
Bi and Di associated to the exogenous input in (13).
The presentation of the approach will be focused on
the front-left corner (actuator 1) for clarity. The classical
approach would consist in finding a parity matrixW1 making
sensitive the residual r1;k ,W1(Ys GIUs) only to the fault
F1, i.e. the matrix W1 has to be orthogonal to the matrix
H Gr GF2 GF3 GF4

. Because this constraint is
hard to be satisfied since this matrix contains too many
columns, a non-optimal (with non perfect decoupling of the
fault) solution has been considered, through the optimization
problem:
find W1 subject to:
8>>>>>>><>>>>>>>:
W1Gr = 0
max
W1
W1GF1
min
W1
W1GF2
min
W1
W1GF3
min
W1
W1GF4
(15)
This optimization problem guaranties that r1 is receptive
to the fault, maximizing the effect of the fault F1 and
minimizing the effect of the others, [9], [13]. Similarly, the
approach is implemented into the other three corners.
D. Fault estimator
The last step of the FDI procedure is the estimation of
the damper fault F . At each corner, a fault estimator is
designed. The main advantage of this structure is that the
fault estimator is locally activated and not affected by other
signals. The parity-space approach leads to:
Ys  GIUs = Hxf;k +GrUr +GFiFi (16)
where i specifies the faulty damper. Note that in this case, the
horizon s could be mandatorily different in the isolation part.
The classical parity matrix Wi;est for estimation purpose is
synthesized so that it is orthogonal to the matrix H and Gr
to be insensitive to the road profile.
The residual ri;est;k , Wi;est (Ys  GIUs) will be sensi-
tive to any fault Fi , such that the parity relation ri;est;k =
Wi;estGFiFi be robust to the fault parameter  in eq. (7).
The fault estimator F^i is performed by inverting the
relation between the residual and the fault. Indeed, it can
be written, thanks to the z-transform formalism:
ri;est;k = Wi;estGFiFi
= Wi;estGFi[z s z (s 1) : : : z 1 1]
T
Fi;k
ri;est;k = WGFi(z)Fi;k (17)
Inverting the system (17) leads to:
F^i;k = [WGFi(z)]
 1
ri;est;k (18)
IV. FAULT TOLERANT SEMI-ACTIVE SUSPENSION
When an oil leakage occurs in one of the dampers and
the car is moving, the lack of damping force increases the
vertical vehicle body motion. To reduce the fault propagation
into the vertical dynamics, eq. (1), an extra damping force
is implemented at each corner to compensate for the faulty
damper and thus maintain the comfort in the vehicle.
Figure 1 shows a block diagram of the proposed FTC.
Each corner has an LPV controller for comfort and road
holding; also, a fault estimator. Once a damper fault is
detected and estimated, the reconfiguration module com-
putes the compensation force that the healthy dampers must
deliver; the LPV based controller design satisfies the MR
damper constraints (semi-activeness and saturation).
A. Fault Tolerant Control Concept
Consider that only one actuator is faulty, e.g. the actuator
1 leading to the damping force:
F sa1 = Fsa1   F1 = Fp1 + Fn1   F1 (19)
To compensate this lack of actuation, an additional force
to the nominal one is demanded on the remainder of the
healthy dampers, such that:
Fsaj;j 6=1 = Fpj;j 6=1 + Fnj;j 6=1 + Fcj;j 6=1 (20)
where the capacity of compensation is limited by the max-
imum actuation value with a compromise between perfor-
mance and compensation managed by the controller.
The vehicle dynamics in the COG, given in (1), become:
z r
Full vehicle
model 
FDI QoV1
z r1
z   , θ, φsc
1def 
z def
.
z , 1 ρ*1 , ρ*2
 (        )K
LPV
ρ*1 , ρ*2
1
I1
 MR damper
model
fault
Fsa1
Fault
 estimator
Fault 
reconfiguration
strategy
F
δ1
^
Fc1 Front-left vehicle corner
Front-right vehicle corner
Fc
Rear-left vehicle corner
Rear-right vehicle corner
Fδ2
^
F
δ3
^
F
δ4
^
F
δ^
Fsa4
Fsa
Fsa3
Fsa2
Fsa1
Fig. 1. Block diagram of the proposed Fault Tolerant semi-active suspension system.
mszs =  (Fp1 + Fn1   F1 + Fp2 + Fn2 + Fc2 (21a)
+Fp3 + Fn3 + Fc3 + Fp4 + Fn4 + Fc4 )
Ixx =
 
Fp1 + Fn1   F1   Fp2   Fn2   Fc2

tf (21b)
+(Fp3 + Fn3 + Fc3   Fp4   Fn4   Fc4 ) tr
Iyy  = (Fp4 + Fn4 + Fc4 + Fp3 + Fn3 + Fc3 ) lr (21c)
   Fp2 + Fn2 + Fc2 + Fp1 + Fn1   F1 lf
Based on eq. (21), the compensation of F1 by the healthy
dampers as Fcj ;j 6=1 leads to:
F1   Fc2   Fc3   Fc4 = 0 (22a)
 tfF1   tfFc2 + trFc3   trFc4 = 0 (22b)
lrFc4 + lrFc3   lfFc2 + lfF1 = 0 (22c)
which can be rewritten in matrix form as:24 1 tf
lf
35
| {z }
N
F1 +
24 1  1  1 tf tr  tr
 lf lr lr
35
| {z }
M
24Fc2Fc3
Fc4
35 = 0 (23)
M is invertible since det (M) =  2tr(lf + lr) 6= 0. Since
F1 is not measured but estimated, this allows the straight-
forward computation of the compensating forces Fcj;j 6=1 , as:24Fc2Fc3
Fc4
35 =  M 1NF^1 =
24 1tf=tr
 tf=tr
35 F^1 (24)
To expand the fault tolerance concept for other possible
faulty dampers, the full matrix of compensation is given by:2664
Fc1
Fc2
Fc3
Fc4
3775 =
26664
0 1 trtf   trtf
1 0   trtf trtf
tf
tr
  tftr 0 1
  tftr
tf
tr
1 0
37775
2664
F^1
F^2
F^3
F^4
3775 (25)
B. LPV/H1 Control Design
The control of the vertical dynamics is ensured by the
suspension system to achieve frequency specification per-
formances, [2]. Based on [6] that embeds into the control
design the constraints of dissipativity and saturation of a
semi-active damper with two scheduling parameters, here
an LPV/H1 controller is designed at each corner for: a)
performances of comfort and road holding against road
disturbances and unmodeled dynamics and, b) compensation
of lack of damping force of a faulty damper.
1) Scheduling parameters: Two varying parameters are
used in the LPV controller synthesis for each corner: 1
includes the nonlinearities of the damper and is given by,
1 = tanh
 
a1 _zdef + a2zdef
  tanh

If
In0+Ic0

If
In0+Ic0
2 [ 1; 1] (26)
where In0 and Ic0 are the average of electric currents dedi-
cated for the nominal control and compensation. If = In+Ic
is the electric current bounded by the saturation constraint:
0  Imin < If  Imax (27)
2 is used directly to saturate the controller output, given by:
2 =
tanh(a1 _zdef+a2zdef )
a1 _zdef+a2zdef
 (Ino + Ico) 2 [0; Imax2 ] (28)
Note that there is a compromise between the control
performances and the compensation because In0 + Ic0 =
Imax=2; the capability to compensate for a faulty damper is
limited by:
Ic =
8<: Ic = 2  Ic0 + In0 if I(Fc)  IcmaxIn0 < Ic < Icmax if 0 < I(Fc) < Icmax
Ic = In0 if I(Fc) < 0
(29)
where, I(Fc) = [Fc  coth (a1 _zdef + a2zdef )] =fc is the in-
verse dynamics of the MR damper model, eq. (4b), that
depends on the compensation force, eq. (25), and Icmax =
2  Ic0 + In0 is the maximum electric current available
for compensation. If the faulty damper requires a greater
force than the one that could be generated by Icmax , the
fault will not be well accommodated. In the fault free case,
Ic0 = 0, and the nominal controller works inside the full
saturation constraint given by (27). Figure 2 shows a scheme
to represent the electric current used for the compensation
and its interaction with the nominal control.
Fp
-Fp
Fsamax
-Fsamax
Imax
Imin
{ If{ In
I
n
0 +
I
c0
{ Ic
Icmax
Icmin
F
o
rc
e 
[N
]
Electric Current [A]
Fig. 2. Force - electric current diagram in the semi-active damper.
2) LPV model formulation: Following [6], an LPV con-
troller of each QoV equipped with a semi-active damper is
designed to handle the non-linearity of the damper model
and the dissipativity constraint (represented by the maximum
limit of the input electric current If ). The considered model
is given by [6]:
_x
lpv
= A
lpv
(1; 

2)xlpv + B1lpvuc + B2lpvzr
y
lpv
= C
lpv
x
lpv
(30)
where,
xlpv =

x
xf
T
, Alpv
 
1; 

2

=

A+ 2BI0CI0 

1BICf
014 Af

,
B1lpv =

041
Bf

, B2lpv =

Br
0

, Clpv =

C
0
T
x is the state vector of a QoV with matrices A, BI , BI0, Br,
C and CI0 that include the MR damper dynamics [6], with
zdef and _zdef as output; xf , Af , Bf , Cf are the state and
matrices of a representation of the low-pass filter Wfilter =
!f=(s + !f ), added to the plant to make the control input
matrices parameter independent, [14].
Remark 1: The LPV model in (30) is based on the non-
linearities introduced in eq. (1d), (2), (3) and (4) for a single
corner, after some mathematical transformations as in [6].
3) LPV/H1 control synthesis: The extension to the
method in [6] lies into the parameter 2 that incorporates
the damping force used to compensate the faulty damper.
The control design satisfies the actuator constraints. Indeed,
depending on the value of the fault, the semi-active sus-
pension is adapted to meet the required performances. The
corresponding generalized plant (1; 

2) is given by:
 :=
8<:
_
lpv
= A
lpv
(1; 

2)lpv + B1lpvuc + ~B2lpv ~w
y
lpv
= C
lpv

lpv
z = Czlpv +D1zuc +D2z ~w
(31)
where z=[z1 z2]T , ~w=W 1zr zr, y=[zdef _zdef ]
T , uc=uH1 and
lpv includes the state variables of the QoV model and
weighting functions, see details in [6].
C. Problem solution
The LPV/H1 controller is synthesized in the LMI frame-
work for polytopic systems; all varying parameters are
bounded in 1 2 [ 1; 1] and 2 2 [0; 3].
The resulting global LPV/H1 controller is a convex
combination of the local controllers obtained by solving the
set of LMIs only on each vertex of the polytope formed by
the limit values of the varying parameters. The stability will
be guaranteed for all trajectories of the varying parameters,
even if an extra compensation force is demanded.
Remark 2: Since 2 varying parameters are used, each
corner considers a polytope of 4 vertices (4 local controllers,
more details on LPV robust control design in [15]).
V. SIMULATION RESULTS
Two scenarios have been considered to evaluate the pro-
posed FTC in Matlab/SimulinkTM, by using the model (1).
A. Test #1: Without excitation of the roll angle.
The vehicle is driven at 30 km/h. The road profile is
modeled as a Chirp signal (0.5 - 8 Hz) with magnitude 0.05
m on the left/right sides. Because the left and right wheels
are synchronized, the roll angle is not excited. The fault at
t = 0s is a lack of force of 50% ( = 0:5) on the front-
left semi-active damper, Fig. 3a. By using the proposed FDI
approach described in Section III, Fig. 3b shows that the fault
estimation F^1 is perfectly unsensitive to the road profile (an
horizon s = 1 was used).
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Fig. 3. Comparison between the nominal and faulty forces when  = 0:5
(a), and fault estimation performance (b).
Figure 4 shows the performance of the proposed fault-
tolerant semi-active suspension system depicted in Section
IV versus an uncontrolled suspension (passive suspension)
and a controlled suspension that does not include the fault
compensation strategy (LPV nominal control); Susp. Free of
Faults refers to the simulation of the LPV/H1 suspension
control when no fault is considered (in this case the roll angle
is zero). By using the Root Mean Square (RMS) value of the
roll angle of the vehicle as a comfort performance index,
normalized w.r.t. the uncontrolled suspension, the proposed
FTC improves the vehicle comfort by 82% and the nominal
control by 22%, i.e. the reconfiguration strategy allows an
improvement of 60% of comfort, see bar graph in Fig. 4.
Figure 5a shows how the semi-active damping force in-
creases at the front-right actuator to compensate for the miss-
ing force of the faulty damper. The semi-activeness constraint
of the MR damper is then ensured with the proposed FTC
system. Figure 5b shows that the nominal LPV controller,
whose performance is good when the suspension is free of
faults, operates between 0 and 2 A without the compensation;
when the compensation is used, the LPV controller utilizes
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Fig. 4. Performance of the FTC in the test #1 (left) and comparison w.r.t.
the uncontrolled suspension by using a normalized RMS (right).
the full range of actuation to generate more damping force
and satisfies the saturation constraint of the damper (0-6 A).
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Fig. 5. Semi-active damping force in the front-right corner with and without
fault compensation (a), and the corresponding controller output (b).
B. Test #2: Roll angle excitation
The vehicle is driven at 30 km/h in a straight way and
runs over 5 sequential bumps of 5 cm, and the left and right
bumps are dephased half wheelbase in order to excite the
roll angle. This test allows to analyze the performances of the
LPV nominal control and LPV-FTC facing to an uncontrolled
suspension system. The fault at t = 1:5s is a lack of force
of 80% ( = 0:2) on the front-left MR damper.
Figure 6 shows that before the fault occurs (t = 1:5s),
the roll performance of the LPV controller (with or without
fault compensation) is better than the passive suspension,
i.e. the robust performance for comfort is 20% improved
w.r.t. the passive suspension. By using the RMS index, the
FTC reduces the roll angle by 43% w.r.t the uncontrolled
suspension and by 24% w.r.t. the controller without fault-
tolerance, Fig. 6.
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Fig. 6. Performance of the FTC in the test #2 (left) and comparison w.r.t.
the uncontrolled suspension by using a normalized RMS (right).
VI. CONCLUSION
An effective Fault Tolerant Control (FTC) in a semi-active
suspension system has been proposed for actuator faults.
When a fault occurs, such as oil leakages in a damper,
the FTC system is designed to compensate for the lack
of damping force by using the other three healthy shock
absorbers. At a high level, a Fault Detection and Isolation
module based on parity-space is used to detect and isolate the
faulty damper, and a fault reconfiguration strategy computes
the compensation force to be added to the healthy dampers.
Each corner has a fault estimator and an LPV controller for
comfort and road holding; the LPV control design considers
the compensation force as a varying parameter in order to
take into account the semi-active damper constraints.
Simulation results show the robust performance of the
nominal LPV controller w.r.t. a passive suspension, when the
system is free of faults. When an oil leakage in the front-left
damper is present, the proposed FTC system improves the
comfort up to 60% and 82% w.r.t. the controlled (without
compensation) and uncontrolled suspension system, respec-
tively.
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